Abstract. This paper presents results of an ongoing research of the effect of 1D and 2D chloride ingress on concrete resistivity and corrosion rate of steel reinforcement. 12 concrete beams made with concrete of binder blend PC(50)/GGBS(50), w/b = 0.40, 10 mm steel reinforcement rods at concrete cover of 20 mm were used in this laboratory based experiment. The steel reinforcement bars were placed at the middle or at an orthogonal corner of the concrete beams subjected to 1D and 2D chloride ingress respectively. A single crack was induced using 3-point bending on one-half of the beams. The beams were exposed to a repeated cycle of 2 weeks ponding in 5% NaCl and then air drying in ambient laboratory condition for 2 weeks. The corrosion rate of both cracked and uncracked specimens exposed to 2D chloride ingress was significantly higher than that of beams exposed to 1D chloride ingress. The uncracked specimens had lower concrete resistivity values compared to the cracked specimens even though higher corrosion rates were measured.
Introduction
Over the years, corrosion of steel in concrete has been identified as the major cause of concrete deterioration. The steel corrosion is mainly caused by a breakdown (depassivation) of the thin oxide protective layer on the steel surface due to carbonation of the concrete to the depth of the reinforcement bar (carbonation-induced corrosion) or presence of a sufficient concentration of chlorides at the steel surface (chloride-induced corrosion) [1] , [2] . Even though chloride-induced corrosion has been reported as the dominant cause of corrosion of steel in concrete, the rising risk of carbonation-induced corrosion due to climate change has also been envisaged [3] . This paper is focused on chloride-induced corrosion.
Chloride-induced corrosion is prevalent in chloride laden environments such as marine zones and areas where chloride based salts (e.g. deicing salts) are utilized. Chlorides can contaminate concrete via use of chloride based admixtures, contamination of mix materials and penetration from the external environment. After steel depassivation, the steel corrosion rate depends on the concrete exposure condition, concrete cover resistance to penetration of corrosion causing agents such as oxygen, moisture and quality of the steel concrete interface [2] , [4] - [6] .
Apart from initiating the steel corrosion, the presence of chlorides in the concrete influences the ionic composition of the concrete pore solution by making it more conductive; hence, ions tend to flow easily between the anodic and cathodic sites of the corrosion cell. Due to the electrochemical nature of corrosion, its assessment can be conducted indirectly by taking measurements of parameters such as the steel corrosion potential (Ecorr), concrete resistivity (ρ) and corrosion current density (icorr) [7] . The steel corrosion potential measurements, though important, only give an indication of the probability of corrosion of the embedded steel, hence the use of concrete resistivity to predict the risk of steel corrosion has been advocated by various researchers [8] - [12] . Zhang et al. (2016) observed that over the past 40 years most research undertaken on corrosion of steel embedded in concrete have focused on 1D chloride ingress (e.g. in walls and slabs) and though many valuable results have been obtained and successfully applied to service life prediction of field structures, most concrete structures (such as rectangular shaped beam and column elements) are subjected to 2D chloride ingress at their corners [14] . Chloride ion penetration at corners exposed to 2D chloride ingress have been adjudged to be faster due to dimensional interaction of the penetrating chloride from two adjacent faces of the concrete element [14] - [18] . Although some studies have looked at 2D chloride penetration and its influence on corrosion initiation, these researches focused on uncracked concrete [14] , [18] , [19] . There has also been no report of the effect of 2D chloride penetration on corrosion rate of reinforcement placed at orthogonal corners of concrete elements.
This paper seeks to find the influence of 1D and 2D chloride ingress on concrete resistivity and corrosion of steel embedded in PC(50)/GGBS(50). The relationship between concrete resistivity and corrosion rate can be influenced by a number of factors. In general, most researchers have observed the existence of an inverse linear relationship between corrosion rate and concrete resistivity [9] , [20] . Although this is widely accepted, a contrasting relationship has been reported with respect to submerged RC structures, as a decrease in concrete resistivity may not necessarily mean an increase in corrosion rate due to insufficient oxygen at the steel surface to drive the cathodic reaction, thereby causing the corrosion process to slow down. Hence a reduction in concrete resistivity may not in all instances result in an increase in corrosion rate [12] . Temperature influences the kinetics of ion movement; hence an increase in temperature is likely to result in lower concrete resistivity and an increase in corrosion rate, however in concrete with large exposed surface, an increase in temperature may result in the concrete drying out, thereby causing an increase in the concrete resistivity and a subsequent reduction in the corrosion rate [21] , [22] .
The presence of cracks may also influence the interpretation of concrete resistivity measurements and corrosion rates. The cracks influence chloride transportation mechanism wherein depending on the crack width, they are able to easily penetrate and reach the steel reinforcement [23] , [24] . This may result in early corrosion initiation and rapid corrosion propagation; however, the cracks are likely to allow easy drying of the concrete thereby resulting in high values of concrete resistivity and higher corrosion rates. These result trends do not fit into the general assumption that there is an inverse relationship between steel corrosion and concrete resistivity readings.
Corrosion rate estimation in pitting corrosion cases still presents a problem due to localization of the corrosion sites rather than an even spread over the steel reinforcement bar surface [25] . However an exception may apply where the chloride is uniformly spread over reinforcement surface thereby resulting in uniform corrosion.
Apart from the factors already mentioned, concrete resistivity can also be influenced by factors such as; binder composition, age of concrete, concrete pore size and connectivity and relative humidity (RH).
Materials and Methods

Specimen preparation
A concrete mix PC(50)/GGBS(50) with w/b = 0.40, concrete cover to reinforcement of 20 mm and 10 mm diameter steel reinforcement bars were used in this laboratory based experiment. 2 sets of concrete beams (total = 12 number) of size 150 × 150 × 625 mm were cast with reinforcement detail and chloride ingress paths as shown in Figure 1 .
One-half of the beams were mechanically cracked using 3 point bending technique while the other half were left uncracked. To aid the formation of a single crack (after the load application) at the beams mid-span, a removable shim was placed in the concrete mold.
The commercial surface of the steel reinforcement bars was retained. The reinforcement bars were also cleaned with acetone before placing them in the concrete (ASTM G1-90: 2003).
The cast beams were cured in water for 28 days, then allowed to air-dry for one week before application of an epoxy sealant on selected surfaces to allow only 1D or 2D chloride ingress (see Figure 1 ). The cracked beams were loaded in rigs (see Figure 2 ) to prevent the incipient cracks from sealing.
Both the cracked and uncracked beams (6 beams each) were subjected to a repeated cycle of 2 week ponding in a 5% chloride solution followed by 2 week exposure to air-drying in ambient laboratory conditions [27] . 
(both placed at opposite orthogonal corners) were exposed to 2D chloride ingress (Figure 1 ).
Corrosion assessment methods
Steel corrosion potential measurements were taken using the copper/copper sulfate half-cell electrode potential meter (ASTM C876-09), concrete resistivity was measured using the one electrode-disc method while the corrosion rate data was collated using a Coulostat device. In taking the concrete resistivity measurements, the single electrode-disc method was used. The measurements obtained with the single electrode-disc method can reasonably be assumed to estimate the concrete cover resistivity which is adjudged to provide better corrosion rate estimates compared to bulk or local concrete resistivity measurements which may lead to errors in the corrosion rate estimation. The concrete cover resistivity also provides a measure of its resistance to penetration of chloride ions.
The single electrode-disc concrete resistivity measurement method involves the application of a current charge via a disc and the resulting voltage measured across the circuit. The concrete resistivity is then computed using Equation 1, the cell constant is approximately 0.1m;
where ρ = concrete resistivity, R = ratio between observed voltage and applied current (V/I), disc and reinforcement bar diameters The corrosion measurements were taken about 24 hours after the specimens are removed from the chloride solution (at end of ponding) and 24 hours before they are returned back into the chloride solution (at end of air drying period).
Results and Discussion
Steel corrosion rate measurements
The plots of steel corrosion rate against time are presented in Figure 4 andFigure 9Figure 5. The results are a 4-point moving average of corrosion rate measurements taken from 3 beam specimens at the end of the wetting and drying cycle. In Figure 4 andFigure 5, it can be seen that the corrosion rate of the reinforcement bars placed in the concrete specimens exposed to 2D chloride ingress are higher than that of specimens subjected to 1D chloride ingress by up to 51.96% in the cracked and 32.85% in the uncracked concrete specimens. Hence, the corrosion rate of the reinforcement bars at orthogonal corners of the cracked beam specimens proceeds at a rate which is more than twice as fast as that that of steel reinforcement which is placed at the middle of a concrete section. This could be due to dimensional interaction of penetrating of chlorides; oxygen and moisture from adjacent faces of the beam, and since more corrosion causing agents are able to reach the reinforcement rod, the corrosion process proceeds at a faster rate. The plots ( Figure 6 : Corrosion rate of cracked vs uncracked RC beam specimens subjected to 2D chloride ingressand Figure 7) show that the corrosion rates of the cracked beam specimens are higher than that of the uncracked beam specimens. This signify that the presence of cracks in the concrete have an influence on the corrosion rate measurements, however, the influence of the cracks is more pronounced in the beam specimens exposed to 2D chloride ingress.
Concrete resistivity measurements
The concrete resistivity plots (Figure 8 and Figure 9 ) are 4-point moving average of data collated from the fifth month after the commencement of the experiment.
The variation of concrete resistivity with time is shown in the plots (see Figure 8 and Figure 9 ) above. It can be deduced from the plots that the cracked specimens exposed to 2D chloride ingress have higher concrete resistivity than those exposed to 1D chloride ingress. This may be due to the larger exposed concrete surface area which allows greater chloride penetration and easy air-drying of the concrete. The presence of cracks also allow for easy drying out of the concrete which results in higher concrete resistivity measurements than the specimens exposed to 1D chloride ingress. The concrete resistivity of the cracked specimens exposed to both 1D and 2D chloride penetration have a continually decreasing trend, however the decline in the concrete resistivity of the uncracked specimens is not as apparent as that of the cracked beam specimens. The declining trend in concrete resistivity is due to ingress and increase in chloride concentration in the concrete.
Relationship between corrosion rate and concrete resistivity
The relationship between corrosion rate and concrete resistivity can be seen in the plots below ( Figure 10 Figure 12 and Figure 13 ) show an inverse relationship between the two parameters. However, the most significant relationship (indicated by a steep slope gradient) is noticed in the cracked specimen exposed to 2D chloride ingress ( Figure  10) . A change in the concrete resistivity of both cracked and uncracked specimens exposed 1D chloride ingress is seen to have a far lesser effect on the corrosion rate. Figure 13 : Corrosion rate vs concrete resistivity of uncracked concrete exposed to 1D chloride ingress Figure 11 shows that an increase in concrete resistivity in the uncracked concrete subjected to 2D chloride ingress results in an increase in the corrosion rate. This trend is not consistent with the information in Figure 5 and Figure 9 , where an increase in the concrete resistivity results in a reduction in the corrosion rate. Hence the relationship between corrosion rate and concrete resistivity (as presented in Figure 11 ) of the concrete specimens subjected to 2D chloride ingress cannot be said to be hold true.
Conclusion
Preliminary conclusions are that the effect of 2D chloride ingress significantly increased the steel corrosion rate in of the cracked concrete specimens (by 51.96%) while the difference in corrosion rate between specimens exposed to 1D and 2D chloride ingress is 32.85%. Though the damage due to the corrosion has not been reported in this paper, significant damage at the corner of the concrete element was noticed in the beam specimens exposed to 2D chloride ingress as compared to those exposed to 1D chloride ingress.
The results of this study indicate that corrosion commences earlier in the cracked specimens, but the steel corrosion rate in specimens exposed to 2D chloride ingress increases markedly compared to that of specimens exposed to 1D chloride ingress. This paper is a part of an ongoing research, further investigation of the chloride concentration at the depth of the steel reinforcement, and resulting concrete damage due to the corrosion process are still being undertaken. The study will be concluded with the development of a prediction model of the based on corrosion rate and concrete resistivity measurements. 
